Several new copper(II) complexes with guaiacyl lignin models vanillin (HL1) [Cu(L1) 2 (nia) 2 ] (1) (nia = nicotinamide) or vanillic acid (HL2) [Cu(L2) 2 (nia) 2 ] (2) [Cu 2 (µ-L2) 4 (nia) 2 ] (3), and [Cu(L2) 2 (Hetam) 2 ] (4) (Hetam = ethanolamine) were isolated and characterized. The molecular structure of complex 1 reveals bidentate vanillin (HL1) coordination via the methoxy and the deprotonated hydroxy groups. On the other hand, the vanillic acid (HL2) complexes 2 -4 show a deprotonated carboxylate group with chelating coordination mode in 2, bridging in 3 and monodentate coordination in 4. The mononuclear complexes 1, 2 and 4 show a distorted trans octahedral coordination sphere with pairs of monodentate and chelating ligands. A replacement of the monodentate nicotinamide ligand in 2 with the bidentate ethanolamine ligand in 4 changes the coordination mode of the vanillic acid anion from bidentate (complex 2) to monodentate (complex 4). This shift inside the coordination sphere reveals different O-Cu-O Jahn-Teller axes by the vanillic acid anion in 2 and ethanolamine in 4. Empty channels are present in the crystal structure of the dinuclear complex 3, stabilized by hydrogen bonds and π-π stacking.
Introduction
Copper-based wood preservatives are widely used due to the significant fungicidal activity of copper and its environmental acceptability [1 -3] . Presumably, these preservatives will be used for wood preservation also in the following decades as there is no economically acceptable alternative available as yet. The interactions of copper with wood are one of the elements determining its role in the wood protection process. In particular, such a copper formulation has to satisfy several requirements concerning its penetration into wood, a fixation there and prevention of water leaching [4] . All these details are key elements especially for an efficient outdoor wood protection. It was suggested that the main copper-towood interaction takes place via lignin and hemicellulose [5, 6] . The specific coordination sites of the naturally occurring macromolecular lignin are simulated by different phenyl types of model ligands. Syringyl (4-hydroxy-3,5-dimethoxyphenyl), guaiacyl (4-hydroxy-3-methoxyphenyl) and p-hydroxyphenyl derivatives all comprise methoxy and hydroxy oxygen coordination sites (Scheme 1). The softwood lignin is mainly composed of guaiacyl units from the pre- dominant precursor ferulic acid (Scheme 2d) [7] . Beside one cobalt and one nickel complex [8] , only copper complexes with vanillin or vanillic acid as ligands (Scheme 2) have been reported for this family in the literature [8 -17] . All examples reveal deprotonation of vanillin and vanillic acid and their bidentate coordination via hydroxy and methoxy groups in the case of vanillin, while vanillic acid coordinates through its carboxylate group. Water is the most convenient solvent for an application of copper-based wood protection formulations, though organic solvents should not be excluded. To prepare a suitable wood protecting formulation, the fixation agent and some other additives are needed next to cooper and the appropriate solvent. During the last two decades, ammonia-and amine-based fixation agents [5, 6, 18] have replaced highly toxic chromium(VI) compounds used in the old formulations [19, 20] . Ethanolamine (Hetam) seems to be the most appropriate replacement for chromium [18, 21] . Copper(II) ions easily form cationic Cu-Hetam species [22] helping the copper penetration into wood, but can be washed out of it as well. Efforts to prevent such leaching are currently in progress [4] . On the other hand, the addition of nicotinamide showed enhanced fungicidal activity of the binuclear fatty acid copper(II) carboxylates [23] . This is important, because copper(II) itself cannot ensure sufficient protection against wood destroying organisms, which is the reason why in practice other cobiocides are combined with copper(II) [24] .
Herein 2 ] · 2H 2 O, which decomposes in air, as described previously [16] . All other chemicals were readily available from commercial sources and were used as received without further purification.
[Cu(L1) 2 
[
Solid CuI (19 mg, 0.10 mmol) and vanillic acid (50 mg, 0.30 mmol) were homogenized, and 30 mL of acetonitrile was added. The reactants were dissolved by stirring, and a drop of ethanolamine (Hetam) was added after 3 min. Blue crystalline aggregates were filtered off and dried over KOH for one day. Yield 70 %. -Anal. for C 20 
The identity of the compounds was confirmed by powder XRD analysis [25] .
Single crystals of compounds 1 -4, suitable for X-ray analysis, were obtained by the experimental procedures described above, but using lower concentrations of the reactants.
Physical measurements
C, H, N analyses were performed with a Perkin-Elmer, Elemental Analyzer 2400 CHN. Metal analysis was carried out electrogravimetrically with Pt electrodes. Infrared spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer, equipped with a Specac Golden Gate Diamond ATR as a sample support. Electronic spectra were recorded as nujol mulls with a Perkin-Elmer UV/Vis/NIR spectrometer Lambda 19. X-Band EPR spectra of the powdered samples were recorded at r. t. using a Bruker ESP-300 spectrometer. The magnetic susceptibility was recorded at r. t. for powdered samples with a Sherwood Scientific MSB-1 balance. Diamagnetic corrections were estimated from Pascal's constants [26] . Powder XRD data were obtained with a Guinier Enraf Nonius camera for 1 and 2 and with a PANalytical X'Pert PRO MPD diffractometer for 3 and 4, both operating with CuK α radiation.
Crystal structure analysis
The diffraction data for complexes 1 -4 were collected on a Nonius Kappa CCD diffractometer with graphitemonochromated MoK α radiation. The data were processed using the programs HKL DENZO, SCALEPACK [27] . All four structures were solved by Direct Methods using SIR97 [28] and refined by full-matrix least-squares procedures based on |F| using XTAL3.6 [29] . All non-hydrogen atoms were refined with anisotropic displacement parameters. Most of the positions of the hydrogen atoms (including all hydrogen atoms involved in hydrogen bonding as described in Table 2 
were located using difference Fourier maps. Only the positions of H83 (bonded to C8) in 1, H2 (bonded to C2) and H14 (bonded to C14) in 3, and H81 and H83 (both bonded to C8) in 4 were calculated, because those obtained from difference Fourier maps resulted in unacceptable geometries. The parameters of the hydrogen atoms in compounds 2 and 3 were not refined, nor were those of H83 in 1, and of H81, H82 and H83 in 4. The positional and isotropic displacement parameters of the remaining hydrogen atoms in 1 and 4 were refined. Crystal data and numbers pertinent to data collection and refinement are listed in Table 1 . Selected bond lengths and angles for 1 -4 are summarized in Table 2 . The structure plots were drawn with PLATON [30] .
CCDC 671024-671027 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
Results and Discussion

Crystal structures
A centrosymmetric molecule of [Cu(L1) 2 (nia) 2 ] (1) (HL1 = vanillin, nia = nicotinamide) is formed by two trans oriented nicotinamide molecules and two bidentate vanillin anions (Fig. 1) . Nicotinamide that of other reported vanillin complexes, showing a hydroxy/methoxy bidentate vanillin coordination and an additional ligand in a mononuclear structure [10 -14, 16, 17] . Some variation is found in the binuclear vanillin-ethanolamine complex [Cu 2 (µ-etam) 2 (L1) 2 ], where the ethanolamine anion serves as a chelating ligand as well as a monoatomic bridge between the adjacent copper atoms [10] . The nicotinamide amide group in 1 is forming two intermolecular hydrogen bonds to the hydroxy [N2-H21···O3 2.916(2)Å, 157 (2) • ] and the aldehyde oxygen atoms [N2-H22···O1 2.882(3)Å, 162 (3) (Fig. 2) . The elongated octahedral coordination sphere CuO 2 N 2 O 2 with a chelating lignin model L2 − is similar as in the vanillin complex 1, although different coordinating groups are involved, namely carboxylate in 2, and hydroxy and methoxy oxygen atoms in 1. This makes an important difference in the hydrogen bonding network due to a hydroxy group acting as hydrogen bond donor in 2 (-O4-H4). It participates in an intramolecular hydrogen bond O4-H4···O3 [2.683(2)Å, 110 • ] with the methoxy group and in an intermolecular contact O4-H4···O2 [2.733(2)Å, 153
• ] with a neigh- . In addition to extensive hydrogen bonding, efficient π-π stacking [nia pyridine rings centroid···centroid distance 3.555(2)Å, mean inter-planar separation 3.424Å] stabilizes the structure and leads to empty channels, as can be seen in the crystal structure diagram (Fig. 4) . These channels are not destroyed after filtration of the solid compound (Fig. 5) , and not as a chelate as in the related mononuclear complex 2. A priority of a chelating coordination of a neutral Hetam ligand over a carboxylate anion within the same complex is noticed also in a related ethanolamine complex [34] . The weak coordination of Hetam via the oxygen atom O5, giving the elongated Jahn-Teller axis, is certainly related to the presence of a strong intramolecular hydrogen bond O5-H51···O2 [2.583(2)Å, 171 (3) • ]. Additionally, both oxygen atoms involved in this hydrogen bond (O5, O2) are also intermolecularly hydrogenbonded to ethanolamine [N1-H11··· O2 2.916 (2) 
Spectroscopy
The electronic spectrum of the vanillin complex 1 shows a dominant UV band at 330 nm due to π-π and LMCT transitions, accompanied by a shoulder at 470 nm. In the visible light region, a weak intensity d-d band at 620 nm appears. The absence of a dominant band in the 600 -800 nm region and the presence of a stronger intensity shoulder at 400 -500 nm as observed in the spectrum of the golden-yellow colored compound 1 are also reported for the yellow-green and orange vanillin complexes [Cu(L1) 2 IR spectra of the complexes 1 -4 show signals of the NH 2 (nia, Hetam) and OH (L2, Hetam) groups in the region above 3000 cm −1 . A dominant amide C=O signal at 1690 cm −1 is noticed for the nia complexes 1 -3, and an additional one for 1 at 1650 cm −1 due to vanillin. The signal for the asymmetric stretch-ing of the carboxylate group (vanillic acid anion) in 3 is found as expected at 1570 cm −1 , whereas it appears for the mononuclear complexes 2 and 4 at unusually low energy (1540 cm −1 , g ) are found in the spectra of all three mononuclear species 1, 2 and 4. Poorly resolved hyperfine splitting A (10.9 mT) is noticed for the complex 1.
The room temperature magnetic susceptibility measurements give µ eff (µ B ) values of 1.95 (1), 1.93 (2), 1.43 (3), and 1.89 (4) that are in agreement with the observed EPR spectra and molecular structures for all four complexes 1 -4.
Conclusions
The copper complexes [Cu(L1) 2 2 ], water is completing the Cu-lignin model coordination sphere, suggesting easy water binding and thus a disturbance of a copper protected wood by outdoor washing. On the other hand, the presence of a strongly bonded N-donor ligand allows versatile coordination possibilities even with relatively small molecules such as nicotinamide and ethanolamine. The formation of the copper-tolignin model complexes is additionally stabilized by hydrogen bonding and π-π stacking interactions. An application of the suitable ligand may support the copper fixation to the natural lignin, thus improving the copper-based wood-protecting formulations.
